This paper proposes a novel fused-coating based additive manufacturing (FCAM) that builds three dimensional metal parts by depositing the material in a layer by layer manner according to the CAD model. It provides a good method to build metal parts with the advantage of using cheap and easy-get material, building parts with high efficiency and without high equipment costs. To study the effect of different processing parameters, the FCAM experimental system is established. It included a molten metal generator, a fused-coating nozzle, a three-axis motion platform, an inert atmosphere protection and process control unit, a temperature and pressure measurement unit. A heat transfer model based on volume of fluid method is developed to investigate the FCAM process. The study on the influence of process parameters, such as the nozzle and substrate temperature and the speed of the substrate in forming metal parts is made. The results of the study prove that the processing parameters will significantly affect the surface finish and bonding strength of the metal parts. What's more, the temperature and speed of the substrate are the main parameters that influence the FCAM process.
Introduction
Additive Manufacturing (AM) is defined as "the process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies, according ASTM Standard F2792 [1] . AM was first developed in the earlier 1980's by creating three dimensional objects layer by layer from computer aided design and named as rapid prototyping. AM is also known as 3D printing which has grown tremendously in the past 30 years [2] . In the early years it was mostly applied for the fabrication of conceptual and functional prototypes. The prototypes were played as inspection and communication tools since it can greatly shorten the fabrication time and does not need complex moulds [3] .
AM is a method that helps the realization of what engineers have in mind without the limits of design. It has dramatically expanded in recent years, because the paradigm shift that the process provides over conventional manufacturing. AM has the ability to fabricate final shape by adding materials rather than machining and stamping the products by removing material from a large stock or sheet metal [4] . It gives the possibility of building parts with complex geometry which are difficult to obtain using conventional material removal processes. Besides, it opens the door for innovation. There is no need to consider design for manufacturing and assembly principles. In addition, AM can be used to fabricate complex geometrical parts without special fixture compared with subtractive manufacturing processes [5] . Moreover, AM has significantly reduced the time and cost that are required for the products development.
At present, AM has been adopted by the fabrication shops, scientists, students and professors, market researchers and even artists. This technology is not just used for fabrication models, but also used to build functional parts such as polymer, ceramic and metal materials [6] . It has been applied in the aerospace, automotive, biomedical, innovative design and other fields.
Currently, the fabrication of end-use parts has become the primary demand.
In the past 30 years, AM processes have been investigated intensively and some have been developed commercially. The processes are classified into liquid base, solid base and powder base. The processes include stereolithography (SLA), fused deposition modeling (FDM), laminated object manufacturing (LOM), 3D printing (3DP), selective laser sintering (SLS), laminated engineered net shaping (LENS), selective laser melting (SLM), and electron beam melting (EBM) [7] . Some of the current AM technologies include Selective laser melting (SLM), Laser Cladding(LD) , Electron beam melting (EBM), and wire and arc additive manufacturing (WAAM) that are the typical methods for metal [8] . For metals, the major researches are focused on powder bed and powder feed methods since powder bed/feed method has good geometric accuracy. Compared with wire-feed AM, the powder feed rate is quite low, usually under 10g/min, because the energy is just focused on one point that limits the application in fabricating large metal parts [9] .
Wire-feed AM is a promising technology in fabricating large expensive metal parts with complex geometry. In wire-feed AM, wire is used as supply material and the energy source used for metal deposition are arc, laser and electron beam. AM in wire and arc-welding has been established that uses electric arc as energy to build components. Research has been studied in WAAM about surface quality, residual stress, microstructure combining [10] . Wire and laser AM is an AM process using metal wires as additive material and laser as the energy source. Laser generates a small melt pool on the substrate/material and then the metal wire is fed and melted, forming a metallurgical bond with the substrate/material [11] . For wire and laser process, wire feed rate is limited by the laser power. If the wire feed rate is at a high levels, wire cannot be fully melted and will be melted partially by the high temperature of the melt pool. Wire and electron beam AM, a process that metal wire is introduced into a molten pool which is generated using a focused electron beam with a high vacuum environment [12] . The wire and electron beam AM efficiency is limited by the positioning precision and wire feed capability. Wire-feed AM can be used for fabricating larger metal components with moderate complexity, such as flanges or stiffened panel. However, there are still some technical challenges that need to be solved. Since the energy source of Wire-feed AM are laser, arc and electron beam, the residual stress and distortion from excessive heat input, relatively poor part accuracy caused by the "stair stepping" effect and poor surface finish are the mainly technical challenges. Besides, the relative complex equipment, low mechanical properties are the main problems of the wire based AM which prevent its wide application [13] .
The studies on metal droplets ejection and deposition AM process were originated at Massachusetts Institute of Technology and University of California at Irvine [14] . AM process of metal droplets deposition had been intensively investigated which includes two modes that are drop on demand (DOD) and continuous jetting. The DOD, metal parts are formed as the droplets ejected out from the small nozzle by pulse pressure on demand. Tin, lead, zinc droplets with diameter of 0.17-0.6mm had been successfully generated [15] .
Micro-void and cold lap are unavoidable defects in droplets deposition method.
In the past decade, since the invention of the different kinds of metal AM processes, lots of researches have focused on reducing costs, fabricating parts that cannot be easily machined using other techniques. It has been used in part repairs, aerospace structure design, biomedical implants. However, there still exist some areas that need to continuous improvement of the current metal AM technology [16] . The deposition rates, quality control, cost reduction, machine reliability and capabilities/materials are the main problems.
To achieve time, cost and energy saving, a novel fusedcoating based AM is proposed which is meant at expanding the application of AM technology. The FCAM process builds metal parts by selective deposition the material layer by layer. The way to build metal parts can be defined as continuous deposition, as in figure1. During manufacturing, molten metal is transported from the fused-coating nozzle to the substrate and thermal capillary zone is formed between the nozzle end and the moving substrate. Molten metal spreads into a subcylindrical or oblong shape under the influence of pressure, metal viscosity and surface tension [17] .
Figure1 the principle of Fused-coating based AM
In FCAM process, continuous pressure is played as driving force coupled with the effect of exhauster under the control of frequency converter and pulse width of solenoid valve. The frequency converter and solenoid valve are used to control the formation and termination of molten metal. The special fusedcoating nozzle with a certain cone angle is designed to assist fabrication of dense metal parts. FCAM has many potential advantages, first and foremost, dense parts can be built that micro-void and cold lap are avoided. It has the potential in fabricating metal materials, such as Sn-Pb alloy, alumnium alloy, copper alloy and even steel. FCAM is a novel AM method that avoids the shortage of the molten metal droplet deposition in low efficiency, poor surface quality and low mechanical property. In FCAM process, a precise pressure control unit is used to achieve the control of molten mass flow rate. The distance between fused-coating nozzle and the substrate is controlled accurately. In compared with powder bed, laser deposition and wire-feed based AM, the induction heating is used as energy source and bar/wire/block material is taken as the material. Hence, the residual stress and distortion can be avoid since the effects of excessive heat input. Therefore, the molten metal generator should have good sealing ability to prevent the gas leak. In addition, less expensive material and equipment cost are needed with FCAM method when compared with other methods. This paper is organized as follows to present our recent progress in FCAM. In section 2, it introduces the experimental platform that is used to conduct the metal parts. Section 3 presents the method and result of heat transfer analysis for the metal parts building process in FCAM. In Section 4 the process parameters are discussed and studied. Section 5 concludes of this paper.
Experimental platform
In figure2, an experimental platform was developed to perform the study of this newly established FCAM technology in building metal parts. The platform included a molten metal generator, a fused-coating nozzle, a three-axis motion platform, an inert atmosphere protection and process control unit, a temperature and pressure measurement unit.
Figure2 the schematic diagram of fused-coating based AM Sn63Pb37 alloy was chosen as raw material and was melted in the molten metal generator. The generator was comprised of a graphite crucible and an induction coil which can provide enough power to melt metal. A heated fused-coating nozzle was located at the bottom of the crucible with a threaded connection. The nozzle has a detachable tip that connected the main body by a threaded connection. The nozzle can assemble easily which just needs to replace the nozzle tip. A 700W band heater was covered around the nozzle and a thermocouple was inserted to the nozzle wall to monitor the temperature accurately. Figure 3 shows the photo of the FCAM experimental platform. The STL format CAD model is created using modeling software (Solidworks or Pro/Engineering) and then model is sliced into specific layer thickness by slicing software and the scan paths and control instructions are generated. After that, the contour information of the model is sent to a motion control board to control the forming of metal parts. A GTS-400 4 axes motion controller was used to control the motion of X-Y-Z axis by three servo motors. The nozzle was about 0.8-1.5mm above the substrate (precision within 5um). With the adjustment of the pressure in the crucible, usually under 100KPa, molten metal can be extruded out from the nozzle under low oxygen content. Meanwhile, the motion of the substrate and the start-stop of the molten metal generator were synchronized by the control system according to the motion program. Finally, the mass rate of the molten metal was suspended by controlling the pressure and the frequency of the variable-frequency drive when the whole paths were scanned. During forming, the fused-coating nozzle is fixed. After one layer is finished the X-Y-Z motion platform is descended downwards a height of one layer thickness, coupling with the moving of the X-Y axis and the depositing of the metal material. A solenoid valve is installed in the line path to maintain the pressure of the crucible. The response time of the solenoid is within 10ms and a precision pressure transducer is connected with the solenoid valve to measure the dynamic pressure in the crucible. An exhauster is connected with the crucible which can generate negative pressure within 150KPa to assist with the flow on and off of the molten metal. A glove box is used to protect the molten metal form oxidization. The oxygen content was maintained under 50ppm. A copper-clad substrate with 200×300mm, was fixed on the heating board which can be heated up to 300 under the control of a temperature controller and K-type thermocouple. By adjusting the frequency of the frequency converter, the pulse width of the solenoid valve that stable molten metal jet can be produced and controlled.
Heat transfer analysis of the FCAM process
To build three-dimensional metal parts, there are two key factors that affect the formation of a uniformly deposited metal line. The two critical factors are the temperature at the interface and the spreading of molten metal between the incoming molten metals and the already deposited layer. If the temperature at the interface is too high molten metal will flow away and the surface quality is poor. If the temperature is too low, the molten metal will not coalesce and the metallurgical bonding is bad. In this way, the solidification and spreading time is very important in FCAM process. Theoretical analysis of the heat transfer between the previously layer and the newly deposited layer can give quantitative information about the fused-coating process.
This section aims at developing a 3D model of continuous deposition of molten metal on a horizontally moving substrate to track and follow the evolution of molten metal at the interface between the nozzle and substrate. The process of spreading and solidification in FCAM involves fluid flow, phase change and heat transfer. Therefore, it is very necessary to study the heat transfer and spreading process of FCAM. This model is used to analyze the temperature distribution and solid fraction of the molten metal to help choose the best processing parameters. The numerical method based on the semi-implicit pressure-linked equation algorithm (SIMPLE) is introduced to simulate the FCAM process [18] . Figure 4 shows the 2D crosssection of the 3D numerical model of the FCAM process. The inner diameter of the nozzle is d= 0.3mm and the outside diameter is D=4mm. The distance between the moving substrate and the nozzle is h=1mm. The fused-coating nozzle is made of graphite and the substrate is copper cladded. The substrate is moving with the velocity x U . The metal deposition process is simulated by solving Navier-Stokes, continuity and energy equations. In this model, we consider contour building with the wall width of only one metal line [19] . The heat transfer in the 3D platform movement direction is neglected because the moving speed is much faster than the heat transfer rate along this direction. The heat of the newly deposited layer will be transferred to the previously built layers through conduction and to the environment through convection from the surfaces. During the spreading of continuous metal deposition on the substrate, the fluid flow is simulated using Navier-Stokes equations [20] . The assumption of incompressible and laminar flow is adopted. The volume of fluid (VOF) method with Piecewise Linear Interface Construction (PLIC) is adopted to construct the free surface flow of molten metal. The continuum governing equations are given as follows.
VOF equation:
(1)
Continuity equation:
(2)
Momentum equation:
(3)
Energy equation:
In the above equations, is the velocity, p is the pressure, is the density, is the thermal conductivity, is the specific heat. Table 1 shows the properties of Sn63Pb37 material. The temperature distribution in the FCAM process is shown in figure5. The pressure is 40KPa, the speed of the substrate is 18mm/s, the layer thickness is 1mm, the heating temperature is 290 and the substrate temperature is 110 .It shows the spreading and solidification of the fused-coating metal line at different moment. In the FCAM process, the surface tension and the solidification process impede the spreading of molten metal. In the early stage of spreading, the behavior of the molten metal is similar with the molten droplet impacting, with symmetric spreading at the nozzle tip in figure 5(a-b) . The material around the nozzle is always in molten when the temperature is at 290 in figure5(e-f). Under the influence of the pressure, once the molten metal contacts with the preheated substrate, it is simultaneously spreading under the effect of gravity, surface tension. Meanwhile, the molten metal is cooled by means of heat transfer to the substrate and begins to solidify. The study on the shape of metal line is crucial to understand the layer thickness and surface quality of parts built by the FCAM process. In the first layer, with the moving of the substrate, the molten metal rapidly spreads and solidifies to build a metal line in figure 5c-d. During the spreading process, to obtain uniform metal line, the speed of the substrate must be proportional to the material flow rate. In this paper, only the first layer deposition is analyzed to facilitate the understanding of the new AM process based on the simulation model. In the early research stage, the simulation process is a good method to help choose the processing parameters, such as the temperature and speed.
In the FCAM process, only the first layer of continuous molten metal is exactly deposited on the flat substrate. The incoming molten metal can deposited on the previously solidified layer and keep good morphology. The temporal evolution of the contact area led concurrently to different cooling rates of the incoming metal material. If the interfacial temperature between previously-deposited layer and the new incoming metal is too low, the remelting and coalescing of successive metal material is insufficient and defects will be formed. If the temperature is too high, molten metal flows away from the point of impact before it can spread and solidify. To investigate the solidification process of the FCAM, the solid fraction contours of the molten metal on the moving substrate are simulated and shown in figure6 at different moment. In figure6 a-d, the metal around the nozzle is always keeping at in liquid, so it has enough energy to overlap and join together to form a continuous metal line. Along with the spreading, the metal at the front of moving direction has attained equilibrium and begins to solidify. To ensure good bonding between the incoming molten metal and the previously solidified layer or the solidified substrate, the interface temperature should be selected properly to ensure local remelting. It will not only affect the metallurgical bonding between the layers, also determine the surface quality and strength of the final parts. 
Investigation of process parameters

The melting temperature
To validate the heat transfer analysis of the FCAM, experimental samples were fabricated with 0.3mm nozzle inner diameter by changing the nozzle heating temperature from 250 to 320 while maintaining the substrate temperature(Ts) at 110 . Figure 8 shows the metal rings that are fabricated under different nozzle temperature to determine the best nozzle melting temperature. The crucible pressure was 40KPa, the substrate speed was 20mm/s and the layer thickness was 1mm for all the cases. Figure 9 shows the cross-sections of the interfaces between layers of the metal rings fabricated at various nozzle heating temperatures. In figure8(a), the melting temperature is not sufficient to assure the incoming molten metal remelting a thin layer of the previously solidified layer.
In figure 9 (a), at lower melting temperature, the adjacent layers were not bond together and cracks can be clearly seen. With the melting temperature increasing to 295 , the surface quality of metal ring is uniformly and interfacial cracks were disappeared in figure 8(b) and figure9(b). The experimental result is consistent with the simulation when the heating temperature is about 290 When the melting temperature increased to 320 , the cracks between layers can no longer be seen, but the surface morphology is poor. Since the melting temperature at the interface is too high that the melting flows away before solidification. 
The substrate temperature
This experiment is aiming at provide optimal substrate temperature(Ts) in forming metal components. Figure10 shows the metal line built at substrate temperature from 25 to 110 . During all the cases, the melting temperature was 295 , the crucible pressure was 30KPa, the substrate speed was 18mm/s and the layer thickness was 1mm. At low substrate temperature, the width and height of metal lines were uneven. In figure(11) , it shows the cross-section of the metal lines in 25 and 110 . At low substrate temperature, the surface morphology of the metal line solidified into spherical shape with a cusp-like top, since there was no sufficient energy to promote the spreading of the molten metal, shown in figure10(a) and figure11(a). As the substrate temperature increased to 110 , the shape of the metal line is nearly flat which is agreed with the simluation. There are two significant factors influencing the shape of metal lines. One is gravity, which tends to encourage the spreading of molten metal. The other is surface tension, which tends to minimize the free surface of a metal line. At low substrate temperature metal lines were not very uniform and molten metal is almost impacting on a colder surface. However, surface tension is decreased as the temperature of the substrate increasing. Therefore, the molten metal has enough time to spreading before solidification and the surface quality of the metal line is well defined, as shown in figure10 (b) and figure 11(b) . Besides, the substrate temperature should not too high, otherwise, the solidification of molten metal will become very slowly due to poor thermal dissipation. illustrates the influence of substrate speed on the layer width and thickness. It proves that the layer width is decreased with the increase of substrate speed. However, the layer height is not significantly affected by the substrate speed. It is mainly because the effect of the molten metal is sufficient between the substrate and the nozzle under current moving substrate speed. On the other hand, the spreading process also affects the width of the deposited layer. Little molten metal will be deposited on the already formed layer with limited length while the substrate velocity is relatively fast.
The substrate speed
Building 3D metal parts
In FCAM process, the metal parts are fabricated by scanning the boundary and interior with one layer at the same time. Based on the experiments and analysis studied above, the optimal parameters were chosen and listed in Table2. Figure 13 , shows some metal parts that were built by using these parameters. 
Conclusion
Fused-coating based AM is a novel solid freeform fabrication process which has some advantages compared with other AM method. To build 3D functional metal parts by FCAM, the deposited metal line is the basic element. In this paper, the experimental platform is built and a heat transfer model for the spreading and solidification in building metal wall by the FCAM process is proposed. The analysis provides a better understanding of the AM process and predicts the effect of process parameters. Based on the simulation results, the validation of the melting and substrate temperature are performed. The experimental results are consistent with the simulation which give the range of the processing parameters selection. The melting and substrate temperature, the substrate speed are critical parameters to the success of metal parts fabrication. The optimal parameters were used to build complex metal parts based on the analysis and experiments.
Moreover, future research should focus on the improving of the simulation analysis to give a more comprehensive guide for the FCAM technology. What's more, the building resolution, part accuracy and the processing parameters should be optimized. In addition, the current study is concentrated on low-melting point alloy, so the high temperature building equipment and software need to be developed to build 3D complex and high-melting metal parts.
